The impairment of working memory and the subsequent decrease in cognitive function is a prominent feature of widespread neuropsychiatric disorders such as Alzheimer's disease and schizophrenia and also characterizes the decrease in cognitive function that occurs during natural aging. The working memory process may partially depend on acetylcholine-evoked depolarization of prefrontal cortex layer V pyramidal neurons. Working memory and cognitive functions are improved by the activation of M1 cholinergic muscarinic receptors in prefrontal cortex neurons. The activation of muscarinic receptors to improve working memory is impractical due to serious side effects. We discuss our recent findings that acetylcholine evokes depolarization in prefrontal cortex pyramidal neurons due to M1 muscarinic receptor-mediated activation of the G protein βγ subunit-dependent transduction system and Nav1.9-type Na + channels. Our results indicate that the depolarization of pyramidal neurons can be reinforced and working memory presumably strengthened not only by the activation of M1 muscarinic receptors but also by the activation of the transduction system linked to βγ subunits and/or the activation of Nav1.9 channels.
In total, 34% of the population in the European Union suffers from neuropsychiatric disorders, and 10% of the population 65 years of age and older suffers from senile dementia. Additionally, a discrete, continuous decline in mental function is observed in nearly every elderly person. The treatment of neuropsychiatric disorders is costly; it amounted to 798 billion Euros in 2010 and doubles every 6-8 years. Current therapies for the overwhelming majority of neuropsychiatric disorders are not satisfactory [1, 2, 3] .
Experimental data have suggested that neuropsychiatric illnesses may result from the disordered activity of prefrontal cortex neurons; this disordered activity can be caused by abnormal control of these neurons by neurotransmitters such as acetylcholine (Ach), noradrenaline, serotonin and dopamine [4] . Medial prefrontal cortex (mPFC) layer V pyramidal neurons in rats are characterized by episodes of prolonged membrane depolarization termed "up-states". Up-states may lead to the persistent activation of pyramidal neurons [5, 6] . The persistent activation of prefrontal cortex neurons is of considerable interest because it may underlie working memory, i.e., the holding and manipulation of information for a short period of time [7] . Persistent activity is evoked by memory cues, and it is subsequently maintained in the absence of any external stimuli until the task is completed [8] .
Several groups have provided important insight into the
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nature of persistent depolarizations in mPFC. For example, McCormick [5] suggested that the persistent activity is generated through a local network of neurons that are connected by a reverberatory circuit and depends on fast synaptic transmission. Others have suggested that an up-state is evoked by prolonged activation of metabotropic receptors by transmitters released from axonal endings of extracortical neurons. Prolonged activation of these receptors modulate the various intrinsic cortical neuron conductances that are responsible for the activation, maintenance and termination of up-states [9, 10, 11, 12] . In rats, working memory depends on proper functioning of the mPFC [13, 14] .
A common feature of neuropsychiatric disorders is impairment of the working memory process, which results in the impairment of cognitive function [15] . The disruption of prefrontal cortex control by Ach occurs in schizophrenia and senile dementia and contributes to the decreased intellectual function found in aged populations. Consistent with this idea, decreased and increased cholinergic muscarinic input to the prefrontal cortex impairs and improves, respectively, working memory and cognitive function [16, 17] .
The axons of the cholinergic neurons that project diffusely to the cortex, including the prefrontal cortex, originate in the nucleus basalis of Meynert [18, 19, 20, 21] . Cholinergic interneurons have also been suggested to be present in the rodent and human neocortex [22, 23, 24] . Due to their small numbers [25] , cholinergic neurons are vulnerable to critical periods in brain development (e.g., birth, adolescence and aging) and/or damaging external stimuli (e.g., hypoxia, decreases in blood flow, poisoning, and developmental and genetic factors) [26, 27] .
The application of cholinergic receptor agonists evokes prolonged depolarization and persistent activity in layer V mPFC pyramidal neurons [28, 29, 30, 31, 32, 33] , resembling up-states.
The mechanism underlying Ach control of layer V mPFC pyramidal neurons remains controversial. The subtype of the activated cholinergic receptors, the transduction system(s) and the type of cellular effector(s) that are controlled by Ach and that lead to membrane potential changes of layer V mPFC pyramidal neurons in rats are all under debate.
The application of muscarinic agonists to improve cognitive function is impractical due to the numerous side effects evoked by the activation of peripheral cholinergic receptors. Attempts have been made to introduce orthosteric agonists, positive allosteric modulators (PAMs), or allosteric agonists of M1 muscarinic receptors [34, 35] to boost cholinergic input to the prefrontal cortex. Rather than activating the cholinergic metabotropic receptors themselves, modifying the function of the transduction pathway or cellular effectors controlled by the cholinergic receptors may be a more promising means of restoring the proper activity of prefrontal cortex neurons.
Membrane potential changes in layer V mPFC pyramidal neurons due to the activation of cholinergic receptors
Prolonged activation of muscarinic receptors depolarizes mPFC pyramidal neurons [28, 29, 30, 31, 32, 33] . Rapid, brief activation of muscarinic receptors evokes hyperpolarization followed by depolarization [36] .
In mPFC pyramidal neurons, muscarinic receptors are mostly expressed in the extrasynaptic membrane, and direct synaptic contacts between cholinergic varicosities and pyramidal dendrites are rare. These metabotropic receptors sense ambient Ach released at variable distances from cholinergic varicosities [37, 38] . Therefore, it is presumed that under physiological conditions, prolonged activation of cholinergic receptors and depolarization of mPFC pyramidal neurons results from volume transmission.
Types of cholinergic receptors activated in layer V mPFC pyramidal neurons
Ach activates ionotropic nicotinic receptors and five types (M1 to M5) of metabotropic muscarinic receptors [39, 40] . Nicotinic and muscarinic receptors are expressed in layer V mPFC pyramidal neurons. The activation of nicotinic receptors does not evoke conductance changes in layer V mPFC pyramidal neurons [41, 42] , suggesting that these receptors are not involved in the control of the membrane potential of these neurons. Others have indicated that stimulation of nicotinic receptors evokes inward currents in pyramidal neurons [43] , suggesting that nicotinic receptors might evoke depolarization. Nicotinic receptors are ionic channels that undergo rapid time- [44] and voltage-dependent [45] inactivation. Both properties indicate that they should remain fully or partially inactivated during the prolonged depolarization evoked by cholinergic agonists. In the prefrontal cortex, nicotinic receptors composed of α7 subunits are preferentially expressed. This type of receptor desensitizes rapidly [46] . Therefore, even if nicotinic receptors are functionally active in layer V mPFC pyramidal neurons, their effect on the membrane potential should be negligible due to their time-and voltage-dependent inactivation during the prolonged effects of Ach. Indeed, the effects of nicotinic receptors in controlling layer V mPFC pyramidal neurons in mice were recently shown to be insignificant compared to their effects on pyramidal neurons in other parts of the cortex [47] . Numerous results have indicated that muscarinic receptors are solely responsible for cholinergic-dependent depolarization in mPFC pyramidal neurons [28, 29, 30, 31, 32, 33, 36, 47] . M1 muscarinic receptors seem to be the relevant subtype because the depolarization is abolished during the application of M1 muscarinic receptor antagonists and is not sensitive to nicotinic antagonists [33] . This finding is in agreement with previous findings that M1 muscarinic receptors are preferentially expressed postsynaptically in the cortex [48, 49, 50, 51] .
Cellular effectors responsible for M1 muscarinic receptor-dependent depolarization in layer V mPFC pyramidal neurons
Under different experimental conditions, the closing of Kir2 channels [28] , the activation of nonselective cationic currents [31, 32, 52, 53, 54] , the activation of transient receptor potential channels [54] or the activation of hyperpolarization-activated channels [55] can be responsible for muscarinic-dependent pyramidal neuron depolarization.
Muscarinic-relayed depolarization in layer V mPFC pyramidal neurons in slices has also been shown to be completely abolished after Na + ions were removed from the extracellular solution to [33] . These findings support the earlier results of Haj-Dahmane and Andrade [31, 32] and suggest that inward Na + current is responsible for the membrane depolarization in the mPFC pyramidal neurons. Moreover, the muscarinic-dependent depolarization was resistant to TTX (1 µM) [33] . Because the muscarinic-dependent prolonged depolarization is evoked from the level of the resting membrane potential [29, 30, 31, 32, 33] , the mechanism that is responsible for and activated during the depolarization must have an activation threshold close to or below the resting membrane potential and, once activated, must not inactivate over time. Nav1.9 sodium channels are activated at or below the resting membrane potential, are not inactivated over time and are TTX resistant [56] ; therefore, they have properties that exactly match the properties of the Na + channels expected to be responsible for muscarinic-dependent depolarization. It has been suggested that Nav1.9 channels are predominantly expressed in small DRG neurons [56, 57, 58, 59] , although they are also found in the central nervous system in hippocampal pyramidal neurons [60] , in the magnocellular neurosecretory cells of the supraoptic nucleus [61] , and ubiquitously throughout the brain [62] , including in mPFC pyramidal neurons [33] .
The tarantula toxin ProTx-I was recently demonstrated to selectively potentiate the Nav1.9 current in dorsal root ganglion neurons [63] . Muscarinic-dependent depolarization in layer V mPFC pyramidal neurons was also augmented by extracellular application of this toxin. Moreover, muscarinic-dependent depolarization was abolished when antibodies against Nav1.9 channels were present in the intracellular solution [33] . These findings support the hypothesis that activation of Nav1.9 channels is responsible for muscarinic-dependent depolarization in layer V mPFC pyramidal neurons.
The transduction pathway responsible for muscarinic-dependent depolarization in mPFC pyramidal neurons Muscarinic receptors may be linked to the G protein subunit Gq/11, phospholipase C and its downstream second messengers as well as to the G protein-dependent adenylyl cyclase/cAMP pathway [64] . Evidence has also indicated that muscarinic receptors can control membrane effectors in a membrane-delimited fashion by releasing G protein βγ subunits without the participation of cytoplasmic second messengers [65, 66, 67] . Sodium channels have also been demonstrated to be controlled by G protein βγ subunits [68] . Extracellular or intracellular application of gallein, a blocker of the βγ subunit transduction pathway [69, 70, 71] , nearly abolished muscarinic-dependent depolarization in mPFC layer V pyramidal neurons [33] . The Gβγ-binding peptide that corresponds to the Gβγ binding domain of GRK2 (G protein-coupled receptor kinase 2) has been shown to selectively prevent Gβγ-mediated signaling [72, 73] . Intracellular application of GRK2i also abolished muscarinic M1-dependent depolarization in mPFC pyramidal neurons [33] . Therefore, it is very likely that in layer V mPFC pyramidal neurons, information from M1 muscarinic receptors to Nav1.9 ion channels is conveyed in a membrane-delimited fashion.
Neuropsychiatric disorders that involve abnormal control of prefrontal cortex pyramidal neurons by muscarinic receptors
The identification of the receptors, transduction pathways and cellular effectors involved in Ach-dependent depolarization of layer V mPFC pyramidal neurons would expand the possible ways of correcting abnormal cholinergic receptor-mediated control of these neurons to include interventions that target not only at the receptor level but also at the level of transduction pathways or cellular effectors. to prefrontal cortex neurons was found to be widespread in populations with cholinergic-dependent neuropsychiatric disorders [34] . For example, Alzheimer's disease is characterized by a substantial loss of cholinergic input to the cortex [74] , a reduction in the number of postsynaptic neurons accessible to Ach [75] and reduced expression of M1 muscarinic receptors [76] . Additionally, age-dependent behavioral impairment is associated with mPFC cholinergic atrophy [77] . Finally, the learning and memory deficits that occur as part of normal aging result from a decline in the functional integrity of forebrain cholinergic systems [78] . Therefore, in these disorders in addition to the stimulation of M1 muscarinic receptors, direct activation of the βγ-dependent transduction system or Nav1.9 channels could support prolonged depolarization and persistent activity in prefrontal cortex layer V pyramidal neurons, producing an effect similar to the activation of M1 muscarinic receptors [33] .
Epilepsy. The activation of cholinergic receptors is necessary for seizure initiation [79, 80] . Carbachol-or pilocarpine-induced seizures have been reported to be abolished by muscarinic receptor blockers [81] and in M1 knock-out mice [82] , indicating that epileptic discharges can be attenuated by inhibition of the βγ-dependent transduction system or Nav1.9 channels.
Pain. Nav1.9 channels are expressed in the small neurons of the dorsal root and trigeminal ganglia. Nav1.9 channels are thought to play a key role in the excitability of nociceptive neurons during the activation of sensory receptors due to damaging stimuli [56, 57, 83] . Pain perception is attenuated in Nav1.9 knock-out animals [84, 85] , suggesting that selective blockers of Nav1.9 channels could inhibit nociception.
The data presented above indicate that the synthesis of clinically useful activators or inhibitors of Nav1.9 sodium channels and the βγ-dependent transduction system is greatly needed. 
